Coiled bodies (CBs) are nuclear organelles whose structures appear to be highly conserved in evolution.
Eukaryotic cells can be viewed as if they were a mixture of compartments, some of which can be defined physically, some functionally. In the cytoplasmic compartment, the roles of the various organelles and the interplay between them have been extensively studied. In contrast, the domains and their interconnections within the nucleus are poorly understood. However, it is now clear that the nucleus is a highly organized structure, permeated by a proteinaceous "matrix" and composed of many different subdomains. The so-called interchromatin space of somatic cells can be characterized at the ultrastructural level by several types of structures. These are perichromatin fibrils, interchromatin granule clusters, and nuclear bodies. Small nuclear ribonucleoproteins (snRNPs) are major components of each of these three subcompartments (see refs. 1 and 2 for reviews).
One type of nuclear body, the coiled body (CB), contains relatively high concentrations of small RNPs as well as other proteins (see Table 1 for a list of components reported to be either enriched or not enriched in CBs). Despite (or perhaps because of) this rather lengthy roster, the list of putative CB functions is nearly as long (see refs. 3 and 4 for reviews). Early studies on amphibian oocyte nuclei also revealed morphologically distinct structures, including: nucleoli, lampbrush chromosomes, and "spheres." The subsequent finding that spheres (which are composed of B-and C-type "snurposomes") contain numerous snRNPs and snRNP proteins caused speculation that CBs and spheres were related organelles (reviewed in ref. 5 ). The final pieces to the puzzle linking CBs and spheres were revealed when SPH-1, an integral protein component of
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C snurposomes, was shown to have significant structural homology to a CB marker protein, p80-coilin (6, 7), and when Wu et al (8) showed that p80-coilin protein is targeted to spheres when the human coilin mRNA was injected into amphibian oocytes. Thus spheres and CBs are homologous organelles that are likely to have similar functions, but as yet no functions have been demonstrated (5).
Of particular interest is the fact that some of the spheres within the amphibian oocyte are attached to the so-called "sphere-organizer" regions of the lampbrush chromosomes. These sphere-organizers are located at the histone gene clusters in two classes of amphibia, Anura and Urodela (9, 10). The fact that spheres and histone genes are associated in two fairly divergent species suggests a conserved function. Taken together with the fact that U7 small nuclear RNA (snRNA) was also found to be colocalized within the amphibian C snurposome (11), we decided to examine the CBs of mammalian cell nuclei for the presence of U7 and for possible associations with "CB organizer" sequences.
We show that U7 snRNA is distributed throughout the nucleoplasm, excluding nucleoli, and is concentrated within CBs in human and murine cells. Furthermore, we find that subsets of the histone, RNU1, and RNU2 gene loci are associated with subsets of CBs in HeLa monolayer cells. Previously (12), we found that in another strain of HeLa cells (one that grows in suspension) there was no obvious colocalization of the RNU2 gene locus and CBs (as marked by U2 snRNA hybridization). Our interpretation that CBs are not the site(s) of U2 snRNA synthesis hinged upon the assumption that U2 loci are equally active, requiring a colocalization of all U2 loci with CBs. In this paper, we reinvestigate this issue and find that, in addition to the previously observed differences in snRNP distribution between the two types of HeLa cells, the cells that have been adapted for growth in suspension have fewer CBs, fewer U2 loci, and a much lower fraction of cells showing an association between the two structures than their monolayergrown counterparts. Furthermore, we find that CBs associate with Ul and U2 gene loci in a high percentage of HEp-2 cells. In light of these data, the apparent association of CBs with human Ul, U2, and histone gene loci must be a very dynamic one.
MATERIALS AND METHODS
DNA Clones, Oligonucleotides, and Antiserum. Clones for the human RNU1 locus at lp36 and the RNU2 locus at 17q21 were gifts of A. Weiner (13, 14) . The 5S rDNA clone was provided by R. Little (15) . Human histone gene subclones from the loci on human chromosomes 1q21 (16) and 6p2l (17) were gifts of D. Collart and D. Doenecke, respectively. The cosmid containing the nerve growth factor receptor (NGFR) gene from chromosome 17q21-22 was a gift of K. Kidd (see ref. 14) .
The human c-myc cosmid at 8q24.1 was a gift of D. Ward (18).
Abbreviations: CB, coiled body; snRNA, small nuclear RNA; snRNP, small nuclear ribonucleoprotein; NGFR, nerve growth factor receptor; FITC, fluorescein isothiocyanate. *To whom reprint requests should be addressed. Probes corresponding to the human retinoblastoma gene (no. P5313) and Down syndrome (no. P5321) regions (Oncor) are localized to 13q14 and 21q22.3, respectively. The specificity of our genomic DNA hybridization probes was controlled by routine metaphase fluorescence in situ hybridization analysis, using the same conditions as for the interphase cells. In each case the hybridization signals were found exclusively at the target loci, with the exception of the Ul probe, which very weakly crosshybridized to the Ul pseudo-array at lql2-q21 (19) on metaphase spreads. The antisense oligomer U7-(3-20), 5'-CTAAAAGAGCUGUAACACBBBBdC-3', was a gift of E. Scharl and J. Steitz (Yale University, New Haven, CT). The residue preceded by a lowercase d is deoxyribose (DNA); A, G, C, and U are 2'-O-methyl RNA. B is a biotin phosphoramidite residue. A nearly random 22-mer, 5'-(dN)2,dT-3', was used as a nonspecific hybridization competitor. Polyclonal rabbit antiserum R508 was used to identify CBs (7).
Immunofluorescence and in Situ Hybridization. Cells were grown in monolayers on chambered glass slides (Nunc) and prepared for hybridization as described (20). The HeLa-JS1000 cells, which normally grow in suspension, were allowed to adhere onto slides for the purposes of the CB association experiment. Previous studies have shown that multiple passages of adherent growth of these cells do not change the general nucleoplasmic organization of snRNPs [i.e., the pattern remains diffuse, not speckled (12)]. After equilibrating the slides in 4x SSC/0.1% Tween 20 for 5-10 min at room temperature, the cells were hybridized in 20 ,lI of 4x SSC, 10% dextran sulfate, 1 ,ug of competitor oligonucleotide (a random 22-mer) per ,ul, and 1-2 ng of biotinylated U7 oligomer per ,ul, as described (20).
Simultaneous detection of genomic DNA sequences and CBs was performed on slides that were preextracted with detergent, using a method pioneered by Carter etal (21) . After equilibration in 10% normal goat serum in PBS-A (phosphatebuffered saline, pH 7.2, without Mg2+ or Ca2+), cells were incubated with anti-p80 coilin (1:200 dilution) for 30 min at 37°C in the same solution. Slides were washed (three times, 5 min each) in PBS-A at room temperature before incubation with Texas red-conjugated anti-rabbit IgG (Vector Laboratories) and washing in PBS-A. The slides were fixed a second time in 4% paraformaldehyde, quenched in glycine, and rinsed. After dehydration through a graded ethanol series, the slides were allowed to air-dry. Hybridization with the appropriate biotin-or digoxigenin-labeled genomic clone and digital imaging microscopy were performed essentially as described (20 Wu and Gall (11) have reported that U7 RNA is present within the C snurposomes (spheres) in Xenopus. Therefore, we wanted to see if U7 is also concentrated within mammalian CBs. Using a biotinylated 2'-O-methyl oligonucleotide complementary to the 5' end of human U7 snRNA, we hybridized it to fixed, undenatured HeLa-ATCC and NIH 3T3 cells. Hybridization was detected throughout the nucleoplasm, excluding nucleoli, and to a lesser extent in the cytoplasm (Fig. 1) . No hybridization signal was detected in cells that were treated with RNase A. Like the other Sm class snRNPs, U7 also intensely stains CBs (bright foci in Fig. 1 ). We have confirmed the identity of the foci as CBs by double labeling with anti-p80-coilin (data not shown). The same hybridization pattern was detected in "normal" diploid lines such as Detroit 551 and HT-1080 cells (unpublished results). Thus spheres and CBs contain components of three major RNA-processing pathways: pre-mRNA (Ul, U2, U4/6, and U5), pre-rRNA (U3), and histone premRNA (U7) (5, 11, 22, 23 (Fig. 2) .
However, these same sequences were only marginally associated with the CBs of HeLa-JS1000 cells, a strain of HeLa that has been adapted for growth in spinner flasks. Approximately 72% and 77% of the HeLa-ATCC and HEp-2 cells, respectively, displayed at least one RNU2 locus associated with at least one CB (Fig. 3) , whereas only 22% of the HeLa-JS1000 cells showed this type of colocalization. Interestingly, the RNU1 locus showed a somewhat lower degree of association with CBs in HeLa-ATCC and HEp-2 cells (43% and 41%, respectively), but still more frequently than in HeLa-JS1000 cells (21%). The data for these experiments, including the controls, are summarized in Fig. 3 and Table 2 .
Clearly, only a subset of the snRNA genes is colocalized with a subset of CBs. We also wanted to determine whether or not FIG. 2. Paraformaldehyde-fixed HeLa-ATCC cells were incubated with anti-p80-coilin primary antibodies (shown in red). The cells were then fixed a second time, denatured, and hybridized with biotin-or digoxigenin-labeled DNA and detected with appropriate FITC-(shown in green) or Cy5-(shown in white) conjugated reporter molecules. Nuclei were counterstained in 4',6-diamidino-2-phenylindole (blue). A subset of the U2 (A) and Ul (B) snRNA gene loci (green) colocalizes with a subset of CBs (red). (C) A four-color hybridization using a digoxigenin-labeled U2 probe (green) and a biotinylated Ul probe (white) reveals that these genes do not associate with the same CBs (see text for additional details). A genomic clone containing an H2B gene from the histone gene cluster on chromosome 1 (D; His-1, shown in green) and another clone that contains Hi and H2B gene sequences from chromosome 6 (E; His-6, also in green) associate with CBs (red). For ease of visualization and scoring, the histone gene probe signals were amplified using biotinylated anti-avidin antibodies and a second round of FITC-conjugated avidin. (F) In contrast with the snRNA and histone genes, the 5S rDNA sequences (green) do not colocalize with CBs. Images from two different experiments are shown in A, B, D, and E. Ut and U2 genes associated with the same subset of CBs. In a four-color hybridization experiment (Fig. 2C) , we showed that in cells that displayed associations of Ut and U2 gene loci with CBs, they did not colocalize with the same ones. Since four-color experiments are not amenable to visual scoring of large numbers of cells (one of the colors is from an infrared dye), we have also confirmed this result by a simple cohybridization of differentially labeled Ut and U2 genes. Slides were scored as described above with a dual-bandpass (FITC/Texas red) filter set. We found that >90% of the HeLa-ATCC cells had nonoverlapping Ut and U2 hybridization patterns (i.e., about 8% of the cells had one signal overlap; none of the cells had two or more overlapping signals).
The cell-cycle-regulated histone genes are clustered on human chromosomes 1 and 6 (17). Using single-copy probes from each of these clusters, we found that 44% (His-1) and 32% (His-6) of HeLa-ATCC cells had at least one CB association (see Fig. 3 ). Additional control hybridizations were performed using the tandemly repeated 5S rDNA locus from human chromosome 1, the NGFR gene (which is located near the RNU2 locus on chromosome 17), the c-myc gene on chromosome 8, and cosmid contigs spanning the retinoblastoma gene on chromosome 13 and the Down syndrome "critical region" on chromosome 21. We found that these sequences did not colocalize with CBs (the hybridization data can be found in Fig. 3 and Table 2 ). The NGFR gene is located about 8 centimorgans distal to RNU2 and is resolvable on metaphase chromosomes (14) . Approximately 8% of the NGFR signals were overlapping with at least one CB, whereas our other control probes (which are not near the RNU2, RNU1, or histone gene loci) were completely negative (Fig. 3) . We believe that the slightly higher level of signal overlap seen with the NGFR cosmid is the artefactual result of a large, brightly fluorescent object (the CB) in the general vicinity ("70% of the time) of the RNU2 locus.
DISCUSSION
Histone protein synthesis is coordinated with DNA synthesis (reviewed in ref. 24 ). There are two major groups of histone genes: (i) most of the core histones, which are replication dependent and therefore cell-cycle regulated, and (ii) the variant histones, which are expressed constitutively. The genes for the replication-dependent histones do not contain introns and are not polyadenylylated. Instead, the mRNAs possess a 3' terminal loop structure that is formed by an endonucleolytic cleavage event that requires the U7 snRNP (24). Thus it would not have been unreasonable to expect that the localization of the machinery required for proper 3' end maturation of histone mRNAs (i.e., the U7 snRNP) would also be cell-cycle regulated and localized. Yet, we did not detect any obvious local concentrations of U7 snRNA in the nucleoplasm, other than in CBs. This result was somewhat surprising in view of the fact that overall histone mRNA levels can vary up to 35-fold during the cell cycle (25). More specifically, Mannironi et at (26) have shown that the levels of individual human H2A genes (including those from clusters on the same chromosome) varied by at least 8-fold and that these differences in expression levels were similar in various types of proliferating cells. While it is possible that only active histone genes associate with CBs (during S phase), it is clear that more in-depth and controlled cell-cycle studies need to be performed before any conclusions are drawn. tAverage number ± 1 SD (n 2 100).
4:Size expressed in ,um. (Fig. 2C) (i) The chance occurrence of four different CB-organizer regions being located adjacent to the Ul, U2, and the two histone gene clusters seems unlikely. However, it is possible that structural rearrangements between the notoriously aneuploid HeLa-JS1000 and HeLa-ATCC cells could cause CB-organizer regions to be juxtaposed to these loci in one strain and not in the other.
(ii) One 
